CCD digital camera (Orca-1, Hamamatsu Corp.), mounted on a real-time confocal unit at 488 nm excitation (CSU-10, Yokogawa Corp.) attached to the Leica DMRX microscope stand equipped with a lOOX11.3N.A. oil-immersion objective (Leica Corp.).
During interphase, about 4-6 bundles of microtubules extend along the long axis of the cell. Each bundle consists of 2-4 individual microtubules arranged in a characteristic manner suggestive of anti-parallel micrombules overlapping each other within a small region near the center of the cell (Fig. 1A) . The microtubules are very dynamic, exhibiting a growth rate of 2.5 pm/mm and a shrinkage rate of 15 /.&min. Switching between growth and shrinkage is frequent. Microtubule shrinkage starts at one tip of the cell, progresses to the overlap region near the center of the cell, and abruptly stops, never advancing beyond the overlap region (Fig. 1A) . The behavior of the opposing microtubule in the overlap appears to be independent of the shrinking microtubule. In instances where both ends of the same microtubule bundle shrink completely, the overlapping region remains in the center of the cell as a small bright dot which eventually nucleates new microtubules (Fig. 1A) . This suggests that the overlapping region in each microtubule bundle contains secondary microtubule-organizing-centers (MTOCs), whereas the SPB is the primary MTOC.
At the onset of mitosis, all interphase microtubules abruptly and completely shrink, not to be renucleated. The secondary MTOCs also disappear. The SPBs appear as one bright dot, which subsequently elongates to form the mitotic spindle. Spindle elongation appears biphasic. There is an initial slow rate of elongation of 0.2 ~m/min until the spindle reaches a length of about 2-3 micrometers. Then the spindle elongates rapidly, at 0.8 ~m/rnin. Coincident with the fast elongation phase, astral microtubules, which appear to be more or less perpendicular to the long axis of the spindle, begin to nucleate from the SPBs (Fig. 1B) . The ends of the astral microtubule bundle seem to interact with the cell cortex, as the spindle elongates to the length of the cell. Before the spindle has completely elongated to the tips of the cell, numerous microtubule nucleations can be observed at the center of the cell, where the division ring and septum eventually constrict to separate the two new cells (Fig. 1B) . The new microtubules undergo dynamics similar to those of the interphase microtubules. At the end of mitosis, the spindle microtubules disassemble, septation occurs, and the two new cells are once again in interphase. The complete cell cycle lasts about 2.5 h.
These preliminary observations on microtubule cytoskeleton dynamics and reorganization throughout the fission yeast cell cycle were made directly on living cells at high spatial and temporal resolution. Because a myriad of mutants in fission yeast are available for study with this imaging technique, important new opportunities for probing and analyzing the molecular mechanisms of microtubule-dependent cellular processes and activities are now open.
P.T.T. thanks Dr. Rudolf Oldenbourg for generously providing lab space and equipment during this study. This work was funded in part by NIH grants to P.T.T. and F.C. We report here the use of a real-time, spinning-disk confocal scanning unit (Yokogawa Electric CSU-10; 1) mounted on a Leica microscope to investigate the internal dynamics of fluorescently labeled microtubules in mitotic spindles. We aimed, in particular, to test the spatial and temporal resolution and the optical sectioning capability of the microscope setup.
Live Tetrahymena were stained with the fluorescent probe, Mito Tracker Green FM (Molecular Probes, Cat#M7514). Excitation was provided by the 488-nm line from a Krypton-Argon gas laser, which was passed through the spinning disk in the CSU-10. Green fluorescence from the mitochondria was collected back through the confocal unit by a SIT (Silicon Intensified Target) camera (Dage-' University of North Carolina, Chapel Hill, North Carolina. * EMBL, Heidelburg, Germany. 3 Harvard Medical School, Boston, Massachusetts. 4 University of California, Santa Barbara, California. MT1 66) mounted at the primary image plane. Video output from the camera was recorded directly onto ED-Beta tape at 30 frames per second, i.e., in real time. The objective lens used for this experiment was the 100X0.3 NA Fluotar on the Leica DMRX microscope.
Conventional wide field microscopy showed bright signals from all the mitochondria, so the image was blurred. With confocal observation, optical sections of the swimming Tetrahymena showed fluorescence only where mitochondria came to intersect the plane of focus.
We next explored the ability of the microscope system to produce confocal images of assembly dynamics and motility of microtubules within mitotic spindles. The mitotic spindles were produced in the cell-free Xenopus extract system described elsewhere (2). Briefly, cytoplasm was isolated from eggs of Xenopus laevis. This extract, arrested by a metaphase cytostatic-factor (CSF), was driven into interphase by Ca++ addition, then induced back into mitosis by addition of a small amount of CSF-arrested extract. The resulting cytoplasmic extract contained metaphase spindles (sperm nuclei were added for a source of chromatin) that were easily observed by addition of fluorescent labels (DAPI for DNA and x-rhodamine-labeled purified tubulin for microtubules). In previous studies, photo-uncaging of fluorescently labeled tubulin in spindles was used to show that there is a bulk flow of polymer originating near the spindle mid-zone and progressing toward each pole region. This flow, termed microtubule poleward flux, was found to move at about 2 prn/min in Xenopus extract spindles; this is the same rate as the chromosome-to-pole movement during anaphase in this system. Therefore, it was proposed that poleward microtubule flux could be the force generator for anaphase A chromosome separation (3).
The object of this study was to image the dynamics of individual microtubules within spindles. Because the spindles are about 40+m long and contain thousands of microtubules, conventional wide-field fluorescence micrographs lack fine structural detail (Fig.  1C) . Lowering the ratio of labeled to unlabeled tubulin subunits in the cytoplasmic extract leads to a low density of label along the polymerized microtubule lattice (4, 5) . This distribution in turn creates bright speckles of fluorescence that serve nicely as internal fiduciary marks along the lattice. One is then able to visualize either polymerization or depolymerization, as well as the flux of subunits within polymers and the movement of whole polymers (5) . A problem with this technique, however, is that the small amounts of labeled tubulin (less than 0.1%) make visualization of gross spindle morphology difficult (Fig. 1D) .
Mitotic Xenopus extract spindles with more than 0.1% of the total tubulin pool labeled were observed with the CSU-10 realtime confocal unit, which was coupled to an Orca cooled CCD camera (Hamamatsu Photonics, Bridgewater, New Jersey). With this system, the dynamics of microtubules in the middle of spindles could be seen, as could the fibrous structure of the polymer mass (Fig. 1A) . MetaMorph software (Universal Imaging Corp., West Chester, Pennsylvania) was used to control the CSU-10 shutter as well as the camera. This allowed time-lapse imaging for up to 10 min, exposing the sample for 0.75 s to the 568nm line of the laser every 10 s, with little photobleaching. A Leica 100X/1.3 NA objective lens was used to increase light-gathering efficiency, as well as to match magnification to the resolution limit imposed by the pixel size of the CCD chip.
Analysis of the time-lapse images revealed that microtubules add subunits to their plus ends while losing subunits from their minus ends near the spindle poles. Plus ends were located throughout the half spindle, and the movement of fluorescent speckles was often seen traversing the entire spindle (Fig. 1B) . Preliminary measurements of the poleward movement of fluorescent speckles indicated a rate of about 2 pm/min, corresponding nicely to previous values (4, 5) . The confocal images revealed that microtubules were clustered into bundles within the spindle (Fig. 1A) . Also clearly visible were fluorescent-speckled microtubules extending out and away from the main spindle (Fig. lA, arrows) , often for great lengths (up to 50 pm). Poleward speckle movement was detected in this population of microtubules, indicating that plus ends do not have to be within the spindle to facilitate poleward microtubule flux and disassembly near the poles.
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